Reward Mechanisms in Obesity: New Insights and Future Directions  by Kenny, Paul J.
Neuron
ReviewReward Mechanisms in Obesity:
New Insights and Future DirectionsPaul J. Kenny1,*
1Laboratory of Behavioral and Molecular Neuroscience, Department of Molecular Therapeutics, The Scripps Research Institute, Jupiter,
FL 33458, USA
*Correspondence: pjkenny@scripps.edu
DOI 10.1016/j.neuron.2011.02.016
Food is consumed in order to maintain energy balance at homeostatic levels. In addition, palatable food is
also consumed for its hedonic properties independent of energy status. Such reward-related consumption
can result in caloric intake exceeding requirements and is considered a major culprit in the rapidly increasing
rates of obesity in developed countries. Compared with homeostatic mechanisms of feeding, much less is
known about how hedonic systems in brain influence food intake. Intriguingly, excessive consumption of
palatable food can trigger neuroadaptive responses in brain reward circuitries similar to drugs of abuse.
Furthermore, similar genetic vulnerabilities in brain reward systems can increase predisposition to drug
addiction and obesity. Here, recent advances in our understanding of the brain circuitries that regulate
hedonic aspects of feeding behavior will be reviewed. Also, emerging evidence suggesting that obesity
and drug addiction may share common hedonic mechanisms will also be considered.‘‘There is no sincerer love than the love of food.’’
—George Bernard ShawIntroduction
Obesity, defined as a body mass index (BMIs) of >30, is a condi-
tion in which adiposity is abnormally high and can result from
hyperphagia or decreased metabolic rate (O’Rahilly, 2009).
Excessive adiposity is a major risk factor for cardiovascular
disease, cancer, type 2 diabetes, and mood-related disorders,
with obese individuals often suffering social stigmatization
(Bean et al., 2008; Centers for Disease Control and Prevention,
2009; Luppino et al., 2010). According to the Center for Disease
Control (CDC), obesity-related health care expenses in the
United States between 1998 and 2000 were approximately
$213 billion. Further, 300,000 deaths in the United States each
year can be attributed to overweight- and obesity-related
diseases (Allison et al., 1999), with obesity the second leading
cause of preventable death behind tobacco use. Nevertheless,
the prevalence of obesity in Western societies continues to
increase dramatically, with current estimates suggesting that
greater than 30% of adults in the United States are obese (Flegal
et al., 2010).
Most conceptualizations of feeding regulation propose that
two parallel systems interact to influence food intake (Hommel
et al., 2006; Lutter and Nestler, 2009; Morton et al., 2006). The
homeostatic system comprises hormonal regulators of hunger,
satiety, and adiposity levels, such as leptin, ghrelin, and insulin,
which act on hypothalamic and brainstem circuits to stimulate
or inhibit feeding in order tomaintain appropriate levels of energy
balance. Dysfunction in components of the homeostatic system,
such as congenital leptin deficiency, can result in a persistent
state of positive energy balance and the development of obesity
(Campfield et al., 1995; Halaas et al., 1995; Pelleymounter et al.,664 Neuron 69, February 24, 2011 ª2011 Elsevier Inc.1995). The mechanisms through which hormonal regulators of
hunger and satiety act on hypothalamic and brain stem circuit-
ries to maintain energy homeostasis have been described in
detail elsewhere, and readers interested in this topic are referred
to the many excellent reviews on this subject (for example,
Abizaid et al., 2006a; Gao and Horvath, 2007).
In addition to metabolic systems, brain reward systems also
play an important role in feeding behavior (Lutter and Nestler,
2009; Saper et al., 2002). In general, bland tasting foods are
not eaten to excess, whereas palatable foods are often
consumed even after energy requirements have been met.
Ease of access to palatable energy-dense food is considered
a major environmental risk factor for obesity (Volkow and Wise,
2005), and overconsumption of palatable food is considered
a major factor contributing to the recent surge in obesity (Finkel-
stein et al., 2005; Hill et al., 2003; Swinburn et al., 2009). Indeed,
obtaining the pleasurable effects of palatable food is a powerful
motivating force that in certain individuals can override homeo-
static signals (Shomaker et al., 2010; Sunday et al., 1983; Zheng
et al., 2009). When presented with a choice, rats overwhelmingly
prefer to consume a calorie-free saccharin solution rather than
self-administer intravenous cocaine infusions (Lenoir et al.,
2007). Moreover, well-fed rats will voluntarily expose themselves
to extreme cold (15C), noxious heat pain or aversive foot-
shock to obtain palatable food items, such as shortcake, meat
paˆte´, peanut butter, Coca-Cola, M&M candies, chocolate chips,
or yogurt drops, even when less palatable standard chow is
freely available (Cabanac and Johnson, 1983; Foo and Mason,
2005; Oswald et al., 2010). These findings highlight just how
intensely macronutrients in palatable food can stimulate brain
reward systems independent of their caloric value (Wang et al.,
2004a, 2004b) and how high the motivation to consume palat-
able food can be even in the absence of homeostatic energy
requirements. Drugs of abuse such as cocaine or nicotine can
similarly induce high levels of consummatory behavior even
Figure 1. Areas of the Human Brain
Activated in Response to Palatable Food
or Food-Associated Cues
The orbitofrontal cortex and amygdala are thought
to encode information related to the reward value
of food (Baxter and Murray, 2002; Holland and
Gallagher, 2004; Kringelbach et al., 2003; O’Doh-
erty et al., 2002; Rolls, 2010). The insula processes
information related to the taste of food and its
hedonic valuation (Balleine and Dickinson, 2000;
Small, 2010). The nucleus accumbens and dorsal
striatum, which receive dopaminergic input from
the ventral tegmental area and substantia nigra,
regulate the motivational and incentive properties
of food (Baicy et al., 2007; Berridge, 1996, 2009;
Farooqi et al., 2007; Malik et al., 2008; So¨derpalm
and Berridge, 2000). The lateral hypothalamus
may regulate rewarding responses to palatable
food and drive food-seeking behaviors (Kelley
et al., 1996). These brain structures act in
a concerted manner to regulate learning about
the hedonic properties of food, shifting attention
and effort toward obtaining food rewards and
regulating the incentive value of environmental
stimuli that predict availability of food rewards
(Dagher, 2009). For the sake of clarity, not all
interconnections between these structures are
shown.
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because of the many similarities between overeating in obesity
and excessive drug use in addiction (Volkow and Wise, 2005),
it has been argued that obesity should be considered as a brain
disorder and included as a diagnostic category in the forth-
coming fifth edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-V) (Devlin, 2007; Volkow and O’Brien,
2007). Compared with homeostatic mechanisms of feeding
behavior much less is known about precisely how hedonic
systems influence food intake. Similarly, the influence of intrinsic
or diet-induced alterations on the responsiveness of brain
reward systems, and how these effects contribute to overeating
and obesity, remains unclear. Summarized below are recent
data highlighting advances in our understanding of hedonic
mechanisms of eating and diet-induced alterations in brain
reward activity that may contribute to the development of
obesity.
Activation of Brain Reward Systems in Response
to Palatable Food: Interactions with Hormonal
Regulators of Energy Balance
Consumption of palatable food can enhance mood in humans
(Dallman et al., 2003; Macht and Mueller, 2007) and support
the establishment of a conditioned place preference in labora-
tory animals (Imaizumi et al., 2001; Sclafani et al., 1998). These
effects are likely related to the stimulation of brain reward
systems by palatable food (Figure 1). Indeed, human brain
imaging studies have shown that food and food–related visual
or olfactory cues can activate corticolimbic and mesoaccum-
bens brain circuits implicated in reward, most notably the orbito-
frontal cortex (OFC), insula, amygdala, hypothalamus, striatum,
and midbrain regions including the ventral tegmental area
(VTA) and substantia nigra (SN) (Bragulat et al., 2010; Pelchatet al., 2004; Schur et al., 2009; Simmons et al., 2005). The stria-
tum, insula, anterior cingulate cortex, and midbrain structures
encode the subjective value of rewards regardless of their type
(e.g., food, sex, monetary rewards), consistent with a role for
this neuronal network in general hedonic representation (Ses-
cousse et al., 2010). In contrast, theOFCappears to play a partic-
ularly prominent role in representations related to the value of
specific types of rewards including palatable food (Man et al.,
2009; Rolls, 2008; Sescousse et al., 2010). Hunger can enhance
palatable food-induced activation of corticolimbic and midbrain
regions in humans (LaBar et al., 2001). For example, the intensity
of activation of the ventral striatum, amygdala, insula, andOFC in
response to high-calorie palatable food was far greater when
human subjects were hungry rather than well fed (Goldstone
et al., 2009). This is consistent with the fact that periods of
hunger and dieting increase self-reported ratings of the ‘‘power’’
of palatable food and craving for ‘‘tempting’’ food (Hofmann
et al., 2010; Rolls et al., 1983). Conversely, overfeeding can
reduce neuronal responses to palatable food, particularly in the
insular cortex and hypothalamus (Cornier et al., 2009). Hence,
the hedonic value of food is influenced by metabolic state,
suggesting that regulators of metabolism such as leptin and
ghrelin may influence the activity of hedonic systems in the brain.
Consistent with this view, human subjects treated with leptin or
the gut-derived postprandial factor peptide YY3-36 (PYY) (Bat-
terham et al., 2007; Farooqi et al., 2007), or those that underwent
gastric distention mimicking meal ingestion (Wang et al., 2008),
had reduced activity in reward-related brain regions. Conversely,
hyperphagic human patients with congenital leptin deficiency
demonstrate increased activity in the insular cortex and striatum
in response to images of food (Baicy et al., 2007; Farooqi et al.,
2007). In these individuals, leptin replacement therapy attenu-
ated the enhanced insular and striatal activity and decreasedNeuron 69, February 24, 2011 ª2011 Elsevier Inc. 665
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2007). Leptin treatment also blocks the rewarding properties of
sucrose in food-restricted rats similar to the dopamine receptor
antagonist a-flupenthixol (Figlewicz et al., 2001). Moreover,
leptin receptors are expressed on midbrain dopamine neurons
in the VTA and SN (Figlewicz et al., 2003), suggesting that leptin
may influence hedonic aspects of feeding behavior through
modulation of mesostriatal dopamine transmission. Confirming
this possibility, leptin infusions into the VTA inhibited the activity
of dopamine neurons and decreased food intake in rats (Hommel
et al., 2006; see also Kru¨gel et al., 2003). Conversely, knockdown
of leptin receptors in the VTA increased food intake, enhanced
locomotor activity, and increased preference for palatable
food in rats (Hommel et al., 2006). Leptin therefore exerts an
inhibitory influence onmesoaccumbens dopamine transmission,
a neurotransmitter system that has been heavily implicated in
reward and motivation but less so in energy homeostasis (de
Araujo et al., 2010; Vucetic and Reyes, 2010). More recently,
the hunger-related hormone ghrelin (Kojima et al., 1999; Naka-
zato et al., 2001) was shown to potentiate the activation of
hedonic systems in the brain in response to food cues (Malik
et al., 2008). Specifically, ghrelin enhanced the activation of
OFC, amygdala, insula, striatum, VTA, and SN in response to
pictures of highly palatable food in obese individuals (Malik
et al., 2008). In rats, ghrelin exerts a stimulatory effect on
midbrain dopamine systems (Abizaid et al., 2006b; Jerlhag
et al., 2006; Jerlhag et al., 2007) and increases the rewarding
value of palatable food (Perello et al., 2010). Taken together,
these findings demonstrate that palatable food activates brain
reward systems and that hormonal regulators of appetite can
influence food intake in part by modulating hedonic responses
to food.
Similar brain regions are activated by palatable food in the rat
brain as those activated in humans, as measured by expression
of immediate early genes (IEG) such as c-fos, arc, or zif268.
Indeed, palatable food activates the dorsal and ventral striatum,
VTA, lateral hypothalamus (LH), and central and basolateral
nuclei of the amygdala and reward-related cortical structures
in rats (Angeles-Castellanos et al., 2007; Park and Carr, 1998;
Schiltz et al., 2007). Interestingly, Fos immunoreactivity was
actually decreased in the lateral andmedial habenula in rats after
palatable food consumption (LHb) (Park and Carr, 1998). In
nonhuman primates, the LHb is activated by aversive stimuli or
omission of expected rewards and inhibited by the delivery of
a palatable juice reward (Matsumoto and Hikosaka, 2007). In
addition, LHb activity inhibits reward-related mesoaccumbens
dopamine-containing neurons through an indirect pathway
involving the rostromedial tegmental nucleus (RMTg) (Jhou
et al., 2009). Habenular activity is therefore inversely related to
food hedonics, suggesting that the habenular complex may
influence nonhomeostatic eating. Indeed, activation of the LHb
was recently shown to decrease sucrose consumption in rats,
whereas lesions of LHb increase sucrose seeking behavior
(Friedman et al., 2011). Considering that the habenular complex
is small and challenging to identify and functionally image in
humans (Salas et al., 2010), this may explain why alterations in
habenular activity have not been reported in human imaging
studies in response to palatable food.666 Neuron 69, February 24, 2011 ª2011 Elsevier Inc.BrainCircuitries that Regulate Hedonic Eating:Midbrain
Dopamine Systems
Themesoaccumbens dopamine pathway is activated in humans
and laboratory animals in response to palatable food or appeti-
tive food-related cues and leptin, ghrelin, and other regulators
of appetite influence activity in this system. This suggests that
midbrain dopamine systems play an important role in palatable
food consumption. Perhaps the clearest indication that midbrain
dopamine transmission influences palatable food intake in hu-
mans is the fact that Parkinson’s disease (PD) patients, in which
there is degeneration of dopamine-containing neurons in the
midbrain, tend to consume less food than nonaffected individ-
uals (Nirenberg and Waters, 2006). Moreover, treatment of PD
patients with dopamine receptor agonists can trigger compul-
sive-like consumption of palatable food (Dagher and Robbins,
2009; Nirenberg and Waters, 2006). In fact, dopamine receptor
agonists can induce hedonic overeating even in non-PD individ-
uals (Cornelius et al., 2010). In animals, palatable sucrose solu-
tions stimulate dopamine transmission in the NAc (Hernandez
and Hoebel, 1988), an effect consistent with human brain
imaging studies (Small et al., 2003). Using fast-scan cyclic vol-
tammetry, it was shown that cues predicting delivery of a sucrose
reward or the unexpected delivery of sucrose evoked dopamine
transmission in NAc (Roitman et al., 2004, 2008). Further, the
unexpected delivery of noxious quinine solutions had the oppo-
site effect, decreasing accumbal dopamine transmission (Roit-
man et al., 2008). Finally, mice in which the enzyme tyrosine
hydroxylase (TH) has been inactivated, causing them to be
dopamine deficient, still demonstrate a marked preference for
sucrose (or saccharin) solutions compared with water but
consume less total amounts of the sucrose than control mice
(Cannon and Palmiter, 2003). This suggests that dopamine-
deficient mice can still detect sucrose palatability and prefer
these solutions to water but are not able to sustain consumption
of palatable solutions. It has therefore been proposed that
mesoaccumbens dopamine transmission regulates motivational
aspects of feeding behavior that are involved in food procure-
ment and that other neurotransmitter systems likely regulate
hedonic aspects of palatable food consumption.
Brain Circuitries that Regulate Hedonic Eating:
Striatohypothalamic Systems
Infusion of m-opioid receptor agonists such as [D-Ala2-N-
Me-Phe4-gly-ol5]-enkephalin (DAMGO) into the NAc stimulates
feeding behavior in rats with ad libitum access to food (i.e., non-
homeostatic feeding) (Pecin˜a and Berridge, 2005; Zhang et al.,
1998). Conversely, opioid receptor antagonists infused into the
NAc decrease consumption of preferred food without affecting
intake of less palatable alternatives (Kelley et al., 1996). These
data are consistent with the view that striatal opioid systems
regulate the hedonic properties of palatable food. The shell
region of the NAc and in particular hedonic ‘‘hot spots’’ in the
rostrodorsal region of the medial shell (Pecin˜a and Berridge,
2005; Pecin˜a et al., 2006b) plays a particularly important role in
nonhomeostatic feeding. Because m-opioid receptor activation
results in the inhibition of medium spiny neuron activity in the
NAc, it has been proposed that the NAc shell exerts a tonic inhib-
itory influence on palatable food consumption (Kelley et al.,
Figure 2. Circuit-Level Organization
of Hedonic ‘‘Hot Spots’’ in Nucleus
Accumbens Shell that Regulate Hedonic
Eating
The shell region of the nucleus accumbens (NAc)
receives innervation from cortical and limbic brain
sites and projects to the lateral hypothalamus and
ventral pallidum. In turn, the lateral hypothalamus
also projects to the ventral pallidum and also the
PAG, IFN, VTA, and dorsal raphe nucleus. The
IFN and dorsal raphe extend dopaminergic and
serotonergic projections, respectively, back to
the NAc. The lateral hypothalamus also innervates
thalamic (PVN and PON) and epithalamic (LHb)
structures. Not shown are the minor projections
from the lateral hypothalamus to septal brain
areas. 5-HT, serotonin; IFN, interfascicular
nucleus; LHb, lateral habenula; PON, preoptic
nucleus; PVN, paraventricular nucleus of the
thalamus; VTA, ventral tegmental area. Figure is
adapted with permission from Thompson and
Swanson (2010).
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or GABAB receptors (Basso and Kelley, 1999; Stratford and Kel-
ley, 1997) or blockade of excitatory ionotropic glutamate recep-
tors (Maldonado-Irizarry et al., 1995) in the NAc shell increases
food consumption. Similarly, excitotoxic lesion of the NAc shell
also increases food consumption and enhances sensitivity to
food reward (Johnson et al., 1996; Maldonado-Irizarry and Kel-
ley, 1995). In particular, consumption of energy-dense palatable
food is preferentially triggered by these manipulations (Basso
and Kelley, 1999; Kelley et al., 2005; Zhang et al., 1998).
Considering the major influence of accumbal signaling on
hedonic feeding, Thompson and Swanson (2010) used a circuit
tracing procedure to accurately identify the precise anatomical
networks through which the NAc may influence palatable food
consumption. In these elegant studies, rats received two
nonoverlapping injections of anterograde/retrograde tracers
(termed COINs) into sites of the NAc shell that powerfully influ-
ence palatable food consumption, and afferent/efferent connec-
tions were identified. It was shown that feeding-related sites in
the NAc extend inhibitory projections predominately to the ante-
rior LH and ventral pallidum (VP) (Thompson and Swanson,
2010). Unlike the rest of the NAc, which projects densely to the
VTA, food-related hedonic hot spots in NAc shell project to the
interfascicular nucleus (IFN), a structure located adjacent to
the VTA that extends dopaminergic projections in a reciprocal
manner back to the NAc shell (Thompson and Swanson, 2010).
Further, the anterior LH projects to the LHb (Thompson and
Swanson, 2010), again suggesting that the habenular complex
may play a role in food hedonics (Friedman et al., 2011).
The above data show that the LH receives prominent inhibitory
input from sites in NAc that exert a tonic inhibitory influence on
palatable food consumption. The LH also has functional connec-
tivity with other cortical and limbic brain sites implicated in orga-
nizing and directing behavior toward obtaining palatable food
(Figure 1), such as the OFC, insula, and amygdala. Importantly,
inactivation of the LH abolishes the stimulatory effects of NAc
manipulations on food intake (Maldonado-Irizarry et al., 1995;Will et al., 2003). Furthermore, inactivation of the NAc shell
enhances the activity of the LH, particularly LH neurons that
synthesize the neuropeptide hypocretin (also known as orexin),
as measured by Fos immunoreactivity (Baldo et al., 2004; Strat-
ford and Kelley, 1999). Indeed, infusion of the m-opioid receptor
agonist DAMGO into the NAc shell activates hypocretin-contain-
ing neurons in the hypothalamus (Zheng et al., 2007), and disrup-
tion of hypocretin transmission in VTA abolishes palatable food
intake triggered by intra-NAc DAMGO infusions (Zheng et al.,
2007). Thus, hedonic hot spots in the NAc shell exert a tonic
inhibitory influence on LH neurons, and in particular hypocre-
tin-containing neurons (Louis et al., 2010), thereby limiting
consumption of palatable food. Disruption of this accumbal
‘‘stop signal,’’ through enhanced opioid receptor signaling for
example, results in enhanced LH activity that drives nonhomeo-
static consumption of palatable food (Figure 2).
Brain Circuitries that Regulate Hedonic Eating:
Striatopallidal Systems
In addition to the LH, NAc shell neurons also project to the VP
(Figure 2). In an interesting series of experiments, it was shown
that accumbal projections to the VP and LH may regulate disso-
ciable aspects of nonhomeostatic eating (Smith and Berridge,
2007). DAMGO infusions into either the NAc shell or VP
increased orofacial reactions to sucrose solutions hypothesized
to reflect ‘‘liking’’ reactions in rats (i.e., palatability response) and
also increased food consumption (Smith and Berridge, 2007).
Infusions of naloxone into either NAc or VP decreased facial
liking reactions to sucrose, suggesting that synchronized opioid
transmission in NAc and VP is necessary to process information
related food palatability. However, naloxone infused into the
NAc, but not the VP, decreased nonhomeostatic eating (Smith
and Berridge, 2007), suggesting that nonhomeostatic eating
occurs independent of this NAc/VP connectivity and instead
likely relies on the NAc/LH pathway (Smith and Berridge,
2007; Taha et al., 2009). Consistent with the notion that aspects
of nonhomeostatic eating can be dissociated, single-unitNeuron 69, February 24, 2011 ª2011 Elsevier Inc. 667
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appears to selectively encode information related to the relative
reinforcing properties of food (i.e., palatability) (Taha and Fields,
2005). In the same rats, changes in the activity a second popula-
tion of NAc neurons appeared to coincide with the initiation of
feeding behavior (Taha and Fields, 2005).
Brain Circuitries that Regulate Hedonic Eating:
Amygdalar Systems
Further supporting the notion that aspects of nonhomeostatic
eating are dissociable, naloxone infusions into the NAc shell or
VP, but not the basolateral amygdala (BLA), decreased the palat-
ability of sucrose solutions (Wassum et al., 2009). However,
when the m-opioid receptor antagonists naloxone or CTOP
were infused into the BLA, but not NAc shell or VP, there was
a marked attenuation of the increased motivation to respond
for sucrose solutions typically seen in a hungry state (Wassum
et al., 2011; Wassum et al., 2009). This suggests that the incen-
tive properties of sucrose are regulated by amygdalar circuitries.
Overall, the above findings show that different aspects of
hedonic eating, such as processing of information related to
food palatability, approach behaviors, and increases in the
incentive value of palatable food in hungry animals, are differen-
tially regulated by discrete microcircuitries within the context of
a larger corticolimbic-striatopallidal-hypothalamic-thalamocort-
ical circuitry (Figure 2).
Do Adaptations in Brain Hedonic Circuitries
Drive Compulsive Eating?
The functional relevance of hedonic hotspots in theNAc shell and
their influence on broader feeding-related circuitries in the brain
have been considered by Kelley et al. (2005). They hypothesize
that theNAc shell/LHpathway, alongwith upstreamanddown-
stream regulatory brain regions (Figure 2), serve a ‘‘sentinel’’
purpose (Kelley et al., 2005). Specifically, they propose that
even in hungry animals when the drive to eat is strong, the ability
to cease feeding behavior must be retained in case of threats
from the environment (Kelley et al., 2005). As such, activation
of NAc shell neurons and concomitant inhibition of LH neurons
may disrupt ongoing feeding and facilitate switching of behavior
to more appropriate adaptive responses, such as freezing or
escape (Kelley et al., 2005). If this is indeed the case, then it
will be important to investigate whether this NAc shell/LH
control pathway is compromised by overconsumption of palat-
able food or by genetic factors that influence vulnerability to
obesity. With this in mind, our laboratory and others recently
reported that overconsumption of palatable calorie-dense food
is associated with the emergence of compulsive-like feeding
behavior in rats (Johnson and Kenny, 2010; Latagliata et al.,
2010; Oswald et al., 2010). Specifically, we found that palatable
food consumption in obese rats was resistant to disruption by an
aversive conditioned stimulus that predicted negative outcome
(electric footshock) (Johnson and Kenny, 2010). Thus, it will be
important to test whether deficits in the NAc shell/LH control
pathway triggered by overeating at least partially contributes to
the conspicuous failure of overweight and obese individuals
to utilize information regarding the deleterious consequences
of their consummatory behavior to moderate their food intake.668 Neuron 69, February 24, 2011 ª2011 Elsevier Inc.Altered Brain Reward Activity in Obesity: Human Brain
Imaging Studies
Obtaining the stimulatory effects of palatable food on brain
reward systems is considered an important motivational factor
contributing to overeating. Thus, an important question is
whether alterations in brain reward function may contribute to
the development of obesity. An intuitive prediction is that
enhanced constitutive responsiveness of brain reward systems
to palatable food would result in overeating and weight gain.
Consistent with this hypothesis, individuals with high levels of
trait reward sensitivity display enhanced activity in brain regions
implicated in food reward, including the NAc, amygdala, OFC,
and VP, upon exposure to palatable food like chocolate cake
and pizza (Beaver et al., 2006). Obese individuals similarly
demonstrate increased activation of brain reward circuitries in
response to palatable food or food-associated cues compared
with lean controls (Gautier et al., 2000; Karhunen et al., 1997;
Rothemund et al., 2007). High levels of trait reward sensitivity
were also correlated with increased body weight in human
subjects (Davis et al., 2004; Franken and Muris, 2005). Impor-
tantly, however, obese woman (BMI > 30) had higher levels of
anhedonia (i.e., diminished baseline sensitivity to reward) than
overweight woman (BMI > 25 < 30) (Davis et al., 2004). Similarly,
Stice and coworkers (2008b) have shown that obese adoles-
cent girls had increased activation of the insula and other
cortical brain regions in response to palatable food or food-
associated cues compared with lean control subjects, but
that activation of the caudate area of the striatum in response
to the palatable food was inversely correlated with BMI in the
obese subjects. Moreover, women who gained weight over
a 6 month period had a marked decline in striatal activity in
response to palatable food during this time period compared
with women who did not gain weight (Stice et al., 2010a). Taking
all of this together, it appears that hypersensitivity of reward
circuitries may predispose an individual to overeating and
weight gain (Stice et al., 2010b). However, as weight gain
increases then deficits in the activity of specific components
of the brain reward system, particularly the striatum, may begin
to emerge. It has been proposed that the emergence of this
state of reward hyposensitivty may perpetuate the overcon-
sumption of palatable food in order to overcome such reward
deficits (Stice et al., 2008a; Wang et al., 2002). Hence, too little
or too much food reward seems to increase vulnerability to
overeating and obesity (Stoeckel, 2010). An attractive concep-
tual framework for reconciling these apparently opposing view-
points is that corticolimbic areas involved in organizing behavior
toward obtaining food rewards and making predictions about
anticipated future food reward may become hyperactive in
overweight individuals and those predisposed to obesity.
Conversely, striatal brain sites that process the actual experi-
ence of pleasure from hedonic eating may become gradually
less functional in these same individuals. The relative motiva-
tional value of palatable food would therefore be expected to
increase during the development of obesity at the same time
that the hedonic value obtained from consuming palatable
food decreases. These adaptations would act in a concerted
manner to drive the ever-increasing motivation to consume
palatable food.
Figure 3. Reward Thresholds in Rats with Extended Daily Access to
Palatable Food, Cocaine, or Heroin
To measure reward thresholds, a stimulating electrode is surgically implanted
into the lateral hypothalamus of rats, a region in which electrical stimulation is
powerfully rewarding and can trigger intense bouts of feeding behavior. After
recovery, animals are allowed to self-stimulate this region by turning a wheel.
After stable self-stimulation behavior is established, the minimum stimulation
intensity that maintained self-stimulation behavior is determined (i.e., the
reward threshold). This reward threshold provides an operational measure of
the activity of the reward system. Reward thresholds remain stable and unal-
tered in control rats that have access to standard lab chow and that remain
drug naı¨ve. However, thresholds gradually elevate in rats with extended daily
access to an energy-dense palatable diet consisting of tasty food items (e.g.,
cheesecake, bacon, chocolate, etc.). Similarly, reward thresholds progres-
sively elevated in rats that have extended daily access to intravenous cocaine
or heroin infusions. Elevated rewards threshold are interpreted to reflect
decreased sensitivity of the brain reward system. These effects suggest that
overconsumption of palatable food and associated weight gain can induce
profound deficits in brain reward similar to those induced by excessive
consumption of addictive drugs.
Figure 4. Striatal Plasticity in Obesity
Weight gain is associated with decreased striatal activation in response to
palatable food, as measured by fMRI, and lower levels of striatal dopamine
D2 receptor (D2R) availability in humans (see text for details).
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The effects of palatable food consumption on brain reward
systems have been directly assessed in laboratory animals using
the brain-stimulation reward (BSR) procedure. It is well known
that electrical stimulation of the LH, which receives tonic inhibi-
tory input from accumbal hedonic hot spots (Figure 2), is highly
rewarding and rats will work hard to self-stimulate this brain
region, e.g., (Markou and Frank, 1987). In addition to supporting
self-stimulation behavior, electrical stimulation of LH can also
induce intense bouts of feeding behavior (Margules and Olds,
1962), and it has been proposed that the rewarding properties
of LH stimulation may be related to the intrinsic role of this brain
site in the appetitive and incentive properties of food (Margules
and Olds, 1962). Consistent with this view, hunger and weight
loss increase the sensitivity of rats to the rewarding value LH
self-stimulation (Blundell and Herberg, 1968; Carr and Simon,
1984; Margules and Olds, 1962), an effect that can be blocked
by intracerebroventricular infusion of leptin (Fulton et al., 2000).
Conversely, electric self-stimulation of the LH is inhibited in
sated animals (Wilkinson and Peele, 1962). Indeed, overfeeding
of rats through intragastric feeding tube (Hoebel and Teitelbaum,
1962), gastric distention, or intravenous glucagon infusion that
mimics postprandial satiety (Hoebel, 1969; Hoebel and Bala-gura, 1967; Mount and Hoebel, 1967), all attenuate responding
for LH stimulation. In fact, rats which previously responded
vigorously for rewarding LH stimulation will respond as if this
stimulation were aversive after food intake or development of
obesity (Hoebel and Thompson, 1969). Hence, chronic food
restriction and weight loss enhances, whereas overfeeding
diminishes, the sensitivity of reward-related sites in the LH.
The sensitivity of LH neurons to rewarding electrical self-stimula-
tionmay therefore provide important insights into the functioning
of brain circuitry that regulates hedonic responses to food.
As ease of access to energy-dense palatable food and conse-
quent overconsumption is considered a major environmental
factor contributing to obesity (Volkow andWise, 2005), our labo-
ratory recently utilized the BSR procedure to assess brain
reward activity in rats with extended access to palatable food.
Specifically, we recorded responding for electrical stimulation
of the LH in rats that had ad libitum access to nutritional chow
alone or chow in combination with 18–23 hr daily access to
a palatable diet. This diet consisted of cheesecake, bacon,
sausage, and other appetizing food items (Johnson and Kenny,
2010). We found that rats with extended access to the palatable
food rapidly gained significant amounts of weight and demon-
strated a progressively worsening brain reward deficit (reflected
as diminished responsiveness to rewarding LH stimulation)
(Johnson and Kenny, 2010; Figure 3). This suggests that devel-
opment of diet-induced obesity is associated with a gradual
decrease in the responsiveness of reward sites in the LH (John-
son and Kenny, 2010). Deficits in reward signaling have also
been reported in adult rats that previously had unlimited access
to sucrose or high-fat food during adolescence (Teegarden et al.,
2009; Vendruscolo et al., 2010a, 2010b). These effects in rats are
reminiscent of the decreased striatal activation in response to
food reward described above in human subjects as they gained
weight over a 6 month period (Stice et al., 2010a; see Figure 4).
Such diet-induced reward deficits in overweight rats, and
perhaps in humans that gain weight, likely reflect a counteradap-
tive response in food reward circuitries to oppose their
overstimulation by palatable food (Johnson and Kenny, 2010).
An important aspect of this finding is that similar deficits in
reward function are also detected in rats that overconsume
cocaine or heroin (Ahmed et al., 2002; Kenny et al., 2006;Markou
and Koob, 1991; Figure 3). In fact, it has been hypothesized that
drug-induced reward dysfunction may contribute to the transi-
tion from controlled to uncontrolled drug use by providingNeuron 69, February 24, 2011 ª2011 Elsevier Inc. 669
Figure 5. D2 Dopamine Receptors, Reward Dysfunction,
and Compulsivity in Obesity
Knockdown of dopamine D2 receptors (D2R) knockdown in rat striatum accel-
erates the emergence of reward dysfunction and compulsive eating in rats with
extended access to palatable food.
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viate the persistent state of diminished reward (Ahmed and
Koob, 2005; Koob and Le Moal, 2008). Therefore, it is possible
that deficits in the sensitivity of reward sites in the LH induced
by overeating may increase the long-term persistence of palat-
able food consumption in overweight rats by shifting dietary
preference toward food with higher hedonic impact to alleviate
the persistent state of negative reward.
Deficient Dopamine D2 Receptor Signaling in Obesity
Several recent reports have revealed potential mechanisms
through which reward deficits may emerge in response to
overconsumption of palatable food during the development of
obesity. As noted above, women who gained weight over
a 6 month period had a marked decline in striatal activity in
response to palatable food over this time period compared
with women who did not gain weight (Stice et al., 2010a;
Figure 4). Fasted individuals permitted to eat their favorite meal
to satiety had lower levels of binding of the dopamine D2
receptor (D2R) antagonist raclopride in striatum (Small et al.,
2003), suggesting that D2R signaling decreases in response to
palatable food consumption. Indeed, obese individuals have
lower levels of striatal D2R availability compared with lean
controls (Barnard et al., 2009; Stice et al., 2008a; Wang et al.,
2001; Figure 4), whereas weight loss in obese patients is associ-
ated with increased striatal D2R density (Wang et al., 2008).
Considering that striatal dopamine transmission plays a key
role in regulating hedonic eating, adaptive decreases in D2R
signaling could contribute to the reduced responsiveness of
the striatum to palatable food in obese individuals. To test this
possibility, Small and coworkers examined activity in brain
reward circuitries in response to a palatable milkshake in control
individuals and those carrying the TaqIA A1 allele (Felsted et al.,
2010). The TaqIA restriction fragment length polymorphism is
downstream from the D2R gene (Neville et al., 2004), and individ-
uals carrying the A1 allele of the polymorphism have between
30%–40% fewer striatal D2Rs compared with those not carrying
the allele (Jo¨nsson et al., 1999; Ritchie and Noble, 2003; Stice
et al., 2010b). In addition, A1 allele carriers also have reduced
glucose metabolism in striatal and cortical brain areas involved
in hedonic responses to food (Jo¨nsson et al., 1999). Individuals
harboring the TaqIA A1 allele are overrepresented in obese pop-670 Neuron 69, February 24, 2011 ª2011 Elsevier Inc.ulations (Barnard et al., 2009; Stice et al., 2008a; Wang et al.,
2001). Furthermore, the A1 allele also increases vulnerability to
alcohol, opioid, and psychomotor stimulant addiction (Lawford
et al., 2000; Noble et al., 1993, 2000). It was found that midbrain
areas likely including the VTA and SN, which provide dopami-
nergic input to the striatum, were activated in response to a
palatable milkshake in control individuals (Felsted et al., 2010).
Conversely, activity in these brain sites was actually decreased
in response to food reward in the A1 allele carriers (Felsted
et al., 2010). Similar inverse responses in brain activation
between A1 allelic carriers and noncarriers were also detected
in thalamic and cortical brain sites (Felsted et al., 2010). These
data are highly consistent with a key role for D2Rs in regulating
mesostriatal responsiveness to palatable food. Stice and
colleagues (2008a) found an inverse correlation between BMI
and activation of the striatum (caudate and putamen) in response
to palatable chocolate milkshake in human patients. Moreover,
this inverse relationship was most apparent in individuals
carrying the TaqIA A1 allele (Stice et al., 2008a). Future weight
gain in these individuals, measured 1 year after initial brain
imaging, showed that the magnitude of striatal activation in
response to palatable food was negatively correlated with
weight gain in subjects with the A1 allele and positively corre-
lated in the non-A1 allele subjects (Stice et al., 2008a). In
a follow-up study, it was reported that the magnitude of striatal
activation in response to imagined eating of palatable food, as
opposed to its actual consumption, was inversely correlated
with weight gain over the following year in subjects with the A1
allele but positively correlated in non-A1 allele subjects (Stice
et al., 2010b). These findings suggest that D2Rs regulate striatal
responsiveness to palatable food and that diminished D2R
signaling induced by weight gain or genetic factors may increase
vulnerability to obesity. Hence, common genetic vulnerabilities
to reward dysfunction upon overconsumption of palatable food
or drugs of abuse may increase predisposition to obesity and
drug addiction, respectively.
Deficient D2R Signaling Contributes to Reward
Deficits in Obesity
Similar to the downregulated striatal D2R levels in obese human
subjects, D2R levels are also lowered inmice and rats fed a palat-
able diet (e.g., Colantuoni et al., 2001; Geiger et al., 2009; John-
son and Kenny, 2010) and in rats genetically predisposed to
obesity (Zucker rats) (Thanos et al., 2008). Our laboratory has
directly investigated the role for disrupted striatal dopamine
transmission in general, and decreases in D2R signaling in
particular, in the addiction-like reward deficits that emerge in
rats during the development of obesity (see Figure 5). Specifi-
cally, we tested the effects of decreasing the expression of
striatal D2Rs in rats using viral-mediated RNA interference,
then assessing BSR thresholds when rats had access to chow
only or chow in combinationwith 18–23 hr daily access to a palat-
able high-energy diet (i.e., a cafeteria diet) (Johnson and Kenny,
2010). We found that responding for rewarding LH stimulation
began to decrease almost immediately upon exposure to the
cafeteria diet in the D2R knockdown rats (Johnson and Kenny,
2010; Figure 5). Decreases in striatal D2R levels therefore rapidly
accelerate the emergence of reward hypofunctionality in rats
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typically takes many weeks to emerge in control rats with
extended access to palatable diet. However, knockdown of
striatal D2Rs in rats with access to chow only did not alter
responding for rewarding LH stimulation, suggesting that dimin-
ished striatal D2R signaling interacts with other diet-induced
adaptive responses in brain reward circuitries to trigger reward
hyposensitivity. In addition to lowered D2R levels, other aspects
of striatal dopaminergic transmission are also altered in the
brains of obese rats. For example, Sprague-Dawley rats bred
selectivity to rapidly gain weight on a high-energy diet (obesity
prone rats) have lower basal and evoked dopamine levels in
the NAc than rats that are resistant to weight gain (obesity resis-
tant rats) (Geiger et al., 2008; see also Rada et al., 2010). The
obesity prone rats also have decreased levels of dopamine
biosynthetic and storage machinery, suggesting that a failure
in the production and release of dopamine contributes to deficits
in striatum dopamine transmission in obese rats (Geiger et al.,
2008). Rats that developed obesity through overconsumption
of a palatable high-energy diet also had lower basal and evoked
dopamine levels in the NAc compared with rats that had access
only to standard chow (Davis et al., 2008; Geiger et al., 2009).
Importantly, a meal of standard chow was sufficient to increase
dopamine levels in the NAc of the control rats, whereas only the
highly palatable food items were sufficient to trigger accumbal
dopamine release in the obese rats that had a history of
extended access to the palatable food (Geiger et al., 2009).
These findings demonstrate that the development of obesity in
rats is associated with dysfunction in mesostriatal dopamine
transmission, most prominently at striatal D2Rs, and that
deficient D2R signaling contributes to the emergence of reward
deficits during the development of obesity in rats. This is consis-
tent with the fact that downregulation of striatal D2Rs is a notable
neuroadaptive response toweight gain in humans (Barnard et al.,
2009; Stice et al., 2008a; Wang et al., 2001), and that deficient
striatal D2R signaling may blunt striatal responses to hedonic
food in human subjects, thereby predisposing the individual to
future weight gain (Stice et al., 2008a; Wang et al., 2001). It has
therefore been hypothesized that the persistent overconsump-
tion of palatable food may represent an attempt to alleviate defi-
cient striatal D2R signaling and associated reward deficits in
obese individuals (Geiger et al., 2009; Johnson and Kenny,
2010; Stice et al., 2008a; Wang et al., 2002).
Deficient D2R Signaling May Trigger Compulsive
Eating in Obesity
Obesity is characterized by overeating that persists despite an
expressed desire to limit consumption and knowledge of the
profound negative health and social consequences of continued
excessive consumption (Booth et al., 2008; Delin et al., 1997;
Puhl et al., 2008). This is exemplified by the fact that many obese
patients will undergo potentially dangerous bariatric (gastric
bypass) surgery to control their weight (Yurcisin et al., 2009),
yet often relapse to overeating even though the surgery
decreases subjective ratings of hunger and reduces the capacity
to consume large quantities of food (Kalarchian et al., 2002;
Saunders, 2001). Drug addiction is similarly defined as a loss
of inhibitory control over drug consumption and persistence inthe habit despite an awareness of the potentially devastating
health, social, or financial consequences (DSM-IV; American
Psychiatric Association, 1994). As such, obesity and drug
addiction share the hallmarks of compulsive disorders in that
there is a conspicuous failure to utilize information regarding
future deleterious consequences to moderate consumption
and persistence in consumption despite availability of less
harmful alternative behaviors.
Compulsive drug taking has been operationally defined in
rodents as consumption that is resistant to suppression by
punishment or environmental stimuli predicting punishment (Pel-
loux et al., 2007; Vanderschuren and Everitt, 2004). Periods of
extended access to cocaine and other drugs of abuse can drive
the emergence of compulsive drug-taking behaviors in rats
(Ahmed and Koob, 1998; Deroche-Gamonet et al., 2004; Van-
derschuren and Everitt, 2004). Indeed, rats with a history of
extensive cocaine consumption display intake that is resistant
to disruption by an aversive conditioned stimulus (CS) predicting
negative outcome (i.e., a cue light that predicts delivery of aver-
sive footshock) (Belin et al., 2008; Vanderschuren and Everitt,
2004). Conversely, the same aversive CS can profoundly
decrease drug-seeking responses in rats with relatively limited
access to the drug. Considering the similarities between
compulsive drug use in addiction and overeating in obesity, we
recently investigated whether obese rats would consume palat-
able food in a compulsive-liked manner and if striatal D2Rs play
a role in this process (Johnson and Kenny, 2010). We found that
obese rats with a history of extended access to palatable food
continued to eat palatable food even in the presence of a noxious
CS (a light cue) that predicted the delivery of aversive footshock
(Johnson and Kenny, 2010). In contrast, the same aversive CS
disrupted palatable food consumption in lean rats with very
limited exposure to energy-dense palatable food. Palatable
food consumption can therefore become compulsive in obese
rats in much the same way that cocaine consumption can
become compulsive. Consistent with this interpretation of the
data, mice that previously had access to a palatable high-fat
diet spent more time in an aversive environment (brightly lit) to
obtain the palatable food than mice that had no prior experience
of the diet (Teegarden and Bale, 2007). Because of fear of preda-
tion, brightly lit open arenas are highly aversive to mice (Suarez
andGallup, 1981). Mice therefore become resistant to the poten-
tially negative consequences of their foraging behavior and will
risk predation to obtain palatable food even when less palatable
food is available at a far lower peril.
Intriguingly, the A1 allele of the TaqIA polymorphism that
results in lowered striatal D2R density (Noble, 2000) and
blunted striatal activation in response to palatable food (Stice
et al., 2008a) is also associated with deficits in learning to avoid
actions that have negative consequences (Klein et al., 2007).
It is precisely this type of failure to utilize information related
to future negative consequences of overeating that may
contribute to the development of compulsive eating in obese
individuals. We found that the emergence of compulsive-like
eating in rats with access to palatable food was dramatically
accelerated following striatal D2R knockdown (Johnson and
Kenny, 2010). In fact, rats with striatal D2R knockdown
that previously had only 14 days of extended access toNeuron 69, February 24, 2011 ª2011 Elsevier Inc. 671
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consumption that was resistant to disruption by an aversive
CS (Johnson and Kenny, 2010; Figure 5). However, this
14 day period of limited exposure to the palatable food was
not sufficient to induce compulsive-like eating in control rats
(Johnson and Kenny, 2010). These findings suggest that addic-
tion-like compulsive intake of palatable food can emerge in
obese rats. Furthermore, deficient striatal D2R signaling, which
accelerates the emergence of reward hyposensitivity in
response to palatable food overconsumption, also accelerates
the emergence of compulsive-like eating (Figure 5).
Interactions between D2Rs and Hormonal Regulators
of Energy Balance in Obesity
Exogenous leptin administered into the VTA inhibits mesoac-
cumbens dopamine transmission and feeding behavior (Hommel
et al., 2006; Kru¨gel et al., 2003). In addition to its acute inhibitory
effect on midbrain dopamine systems, there is accumulating
evidence that tonic leptin signaling may also be necessary to
maintain appropriate levels of mesostriatal dopamine signaling.
Flier and colleagues found that ob/ob mice had lower levels of
tyrosine hydroxylase in midbrain dopamine neurons, a key
enzyme in the biosynthesis of dopamine (Fulton et al., 2006). In
addition, ob/ob mice had reduced evoked dopamine release
into the NAc (Fulton et al., 2006) and decreased somatodendritic
vesicular stores of dopamine in VTA and SN (Roseberry et al.,
2007). These deficiencies in dopamine production and signal
transduction machinery in ob/ob mice were corrected by treat-
ment with leptin (Fulton et al., 2006; Pfaffly et al., 2010). In fact,
leptin infused only into the LH was sufficient to correct dysfunc-
tional dopamine transmission in ob/ob mice (Leinninger et al.,
2009), suggesting the leptin receptor-expressing cells in the LH
act tomaintain appropriate levels of dopamine signaling. In addi-
tion to diminished production and release of dopamine, ob/ob
mice also tended to have lower levels of D2R expression in
striatum (Pfaffly et al., 2010). Furthermore, exogenous leptin
treatment under a regimen that results in the development of
insensitivity to leptin signaling (i.e., leptin resistance) markedly
lowered striatal D2R levels in wild-type mice (Pfaffly et al.,
2010). Obese rats develop leptin resistance in the VTA (Matheny
et al., 2011; Scarpace et al., 2010) and also have lower levels of
TH in VTA, diminished dopamine release in striatum, and
reduced striatal D2R levels (Geiger et al., 2008). Taken together,
these data demonstrate that leptin has complex actions on
midbrain dopamine systems. On the one hand, acute activation
of leptin receptors in the VTA exerts an inhibitory effect on mes-
oaccumbens dopamine transmission and can inhibit feeding
behavior (Hommel et al., 2006; Kru¨gel et al., 2003). On the other,
leptin signaling in the midbrain is necessary to maintain appro-
priate dopamine production and signal transmission, and
genetic deficits in leptin signaling or the development of leptin
resistance in obesity profoundly disrupts mesoaccumbens
dopamine systems. As such, it is an interesting possibility that
the development of leptin resistance in midbrain dopaminergic
neurons during the development of obesity may play a central
role in the disruption of striatal D2R signaling that appears to
drive the emergence of addiction-like reward dysfunction and
compulsive overeating (Figure 5) in obese rats.672 Neuron 69, February 24, 2011 ª2011 Elsevier Inc.In addition to the complex effects of leptin signaling on meso-
striatal dopaminergic transmission, there is accumulating
evidence that D2Rs may in turn regulate leptin signaling. The
D2R agonist bromocriptine reduces circulating levels of leptin
(Doknic et al., 2002; Kok et al., 2006; Mastronardi et al., 2001),
suggesting that D2Rs exert an inhibitory influence on leptin
levels. Furthermore, mice with null mutation in the D2R gene
have enhanced leptin signaling in hypothalamus and are more
sensitive to the anorectic effects of leptin (Kim et al., 2010). It
is well known that leptin levels increase during the development
of obesity (hyperleptinemia), yet there is a concomitant decrease
in sensitivity to leptin signaling (i.e., leptin resistance) (Hamilton
et al., 1995). Thus, it is an interesting possibility that decreases
in striatal D2R signaling during the development of obesity may
represent a compensatory response to overconsumption of
palatable food and weight gain that increases circulating leptin
levels and increases its signaling efficiency to overcome the
development of leptin resistance. Such an action may enhance
the inhibitory effects of leptin on striatal systems that regulate
responsiveness to palatable food (Farooqi et al., 2007; Fulton
et al., 2006; Hommel et al., 2006), thereby acting to attenuate
hedonic responses to palatable food. Putting this finding
together with the regulatory role of leptin on D2Rs described
above, it seems that leptin and D2R signaling may be coupled
in a reciprocal manner to regulate homeostatic and hedonic
aspects of feeding behavior.
Dysregulated Brain Stress Systems in Obesity
Leptin signaling in the midbrain acts to regulate mesoaccum-
bens dopamine transmission and responsiveness to hedonic
food. However, neurons in the VTA that express leptin receptors
project sparsely to the NAc, and instead demonstrate more
prominent projections to the central nucleus of the amygdala
(CeA) (Leshan et al., 2010). In the context of feeding behavior,
the CeA is known to regulate the inhibitory effects of noxious
environmental stimuli on food consumption (Petrovich et al.,
2009). Specifically, lesions of the CeA, but not basolateral amyg-
dala (BLA), abolish the inhibitory effects of a footshock-paired
conditioned stimulus on feeding, suggesting that the CeA is
critical for inhibitory control over feeding behavior in response
to environmental cues predicting negative outcome (Petrovich
et al., 2009). Obese rats, or nonobese rats with striatal D2R
knockdown and access to palatable food, continue to consume
palatable food in a compulsive-like manner in the presence of an
aversive CS. These effects are strikingly similar to the disruption
in reactivity to an aversive CS in CeA lesioned rats (Petrovich
et al., 2009). Thus, it will be important to determine if alterations
in CeA activity, perhaps as a consequence of striatal D2R
downregulation or development of leptin resistance in midbrain,
contributes to the emergence of compulsive-like eating in
obese rats.
In addition to regulating the effects of noxious environmental
stimuli on feeding behavior, the CeA may also play a key role
in stress-related hedonic eating. In humans, stress powerfully
motivates the selection and consumption of energy-dense palat-
able food independent of caloric need (Gluck et al., 2004;
Kandiah et al., 2006; O’Connor et al., 2008), and obesity is asso-
ciated with elevated stress-related glucocorticoid secretion
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and social stressors also induce hyperphagia of energy-dense
palatable food in rodents and monkeys, with palatable food
consumption potentially attenuating adverse effects of stress
(Dallman et al., 2003, 2006; Pecoraro et al., 2004; Wilson et al.,
2008). Further, the stress-evoking drug yohimbine can reinstate
previously extinguished palatable food seeking responses
(lever-pressing) in rats, an effect attenuated by the cortico-
tropin-releasing factor-1 (CRF-1) receptor antagonist antalarmin
(Ghitza et al., 2006). It is important to point out that the precise
effects of stress on food consumption in humans and laboratory
animals is dependent on the nature and magnitude of the
stressor, the type of food available for consumption (palatable
versus bland), body weight and gender (Dallman, 2010).
Mice with extended access to a palatable high-fat diet had
decreased expression of the stress hormone CRF in the CeA
(Teegarden and Bale, 2007). Conversely, mice undergoing
‘‘withdrawal’’ from the palatable diet had increased CRF expres-
sion in the CeA (Teegarden and Bale, 2007). This latter effect is
very similar to the increased CRF expression in CeA detected in
rats undergoing withdrawal from all major drugs of abuse (Koob,
2010). Because further drug use can normalize this aversive
neurobiological response to drug withdrawal, it has been
hypothesized that hyperactive CRF transmission in CeA and
other limbic structures may facilitate the development of
compulsive drug use (Koob and Zorrilla, 2010). Consistent with
this view, mice undergoing withdrawal from palatable energy-
dense food, which had elevated CRF levels in CeA, spent signif-
icantly more time in an aversive (brightly lit) environment to
obtain palatable food than mice with no prior experience of
the food, even though less palatable was available in a nonaver-
sive (darkly lit) environment (Teegarden and Bale, 2007). Mice
therefore become resistant to the potentially negative conse-
quences of their foraging behavior and risked predation to
obtain palatable food even when less palatable food is available
at a far lower peril, in part to attenuate CRF transmission in the
CeA (Teegarden and Bale, 2007). Several further pieces of
evidence support a role for CRF transmission in compulsive
eating. In particular, a recent study assessed the effects of the
CRF-1 receptor antagonist R121919 on food consumption in
rats undergoing cyclic variation in their diet in which they had
access to standard chow 5 days per week and access to a palat-
able sugar diet 2 days per week (Cottone et al., 2009). After
7 weeks of this cyclic variation in diet, R121919 attenuated the
excessive consumption of the highly palatable diet and
increased consumption of bland chow (Cottone et al., 2009).
Furthermore, CRF expression levels in the CeA were increased
in the cycled rats during withdrawal from the palatable diet but
returned to baseline levels after re-exposure to the palatable
diet (Cottone et al., 2009). Finally, CRF regulation of
GABAergic transmission in the CeA was enhanced in the cycled
rats undergoing withdrawal from the palatable diet compared
with control rats that previously had access only to bland
chow, reflected in the fact that R121919 disrupted evoked
GABAergic inhibitory post-synaptic potential in CeA slices
from the cycled rats at a concentration that did not alter trans-
mission in slices from the control rats (Cottone et al., 2009).
Interestingly, a similar effect of CRF on GABAergic transmissionin CeA has also been observed in rats undergoing withdrawal
from chronic ethanol exposure (Roberto et al., 2010). Finally,
the CeA, bed nucleus of the stria terminalis (BNST), and NAc
shell constitute a larger contiguous structure termed the
‘‘extended amygdala.’’ Infusion of CRF into the NAc shell at sites
that stimulates hedonic eating enhances the motivational
salience of an environmental cue that had previously been
paired with the availability of palatable food (Pecin˜a et al.,
2006a). Stress may therefore enhance the salience of food-
paired environmental cues by modulating the activity of NAc
shell neurons. Taken together, these findings suggest that
excessive consumption palatable food or drugs of abuse may
induce similar neuroadaptive responses in extrahypothalamic
stress pathways in the brain, which may contribute to compul-
sive consummatory behaviors. It will be interesting, therefore,
to assess the role extrahypothalamic stress pathways in regu-
lating the deficits in striatal D2R signaling, reward hypofunction-
ality, and compulsive-like feeding behaviors that emerge in rats
during the development of obesity.
Conclusions
Much progress has been made recently in identifying brain
systems involved in hedonic effects of palatable food and the
adaptations that occur in these circuitries in response to over-
consumption of palatable food and weight gain. It is striking
that similar brain systems and common adaptive responses
are triggered in response to consumption of both palatable
food and addictive drugs. In particular, overconsumption of
palatable food or drugs of abuse induces similar deficits in the
responsiveness of brain reward systems. Palatable food and
addictive drugs induce deficits in striatal dopamine transmission
and the expression of striatal D2Rs. Palatable food and addictive
drugs also triggers the emergence of compulsive-like consum-
matory behavior in rodents and engage extrahypothalamic
stress responses. Finally, common genetic vulnerabilities in
brain reward systems may predispose individuals to overeating
and obesity and also drug use and addiction. In fact, based on
these and other similarities between obesity and drug addiction,
it has been argued that obesity should be included as a diag-
nostic category in the forthcoming DSM-V (Devlin, 2007; Volkow
and O’Brien, 2007). With this in mind, critical areas for future
research will involve further investigating the potential neurobio-
logical overlaps between compulsive overeating and drug use.
For example, it will be important to test whether obesity is related
to the development of habit-like consummatory behavior result-
ing from plasticity in dorsal striatum in the same way that drug
addiction may be related to striatal remodeling and the emer-
gence of habit-like drug seeking behaviors (Everitt and Robbins,
2005; Hollander et al., 2010; Kasanetz et al., 2010). Also, cortical
brain regions involved in executive control and decision making
(i.e., prefrontal cortex) and in interoceptive processing (insular
cortex) have been heavily implicated in drug addiction (Everitt
et al., 2008; Fineberg et al., 2010; Koob and Volkow, 2010; Naqvi
and Bechara, 2009), yet little is known of their precise role in
compulsive eating and obesity, e.g., (Nair et al., 2011; Volkow
et al., 2009). Taken together, the data reviewed above support
the notion that obesity and drug addiction may arise from similar
neuroadaptive responses in brain reward circuitries, andNeuron 69, February 24, 2011 ª2011 Elsevier Inc. 673
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a heuristic framework for understanding obesity.ACKNOWLEDGMENTS
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